SCROLLING COLOR LIGHT ENGINE WITH IMPROVED COLOR 
UNIFORMITY OF THE ILLUMINATION FIELD AND SINGLE PANEL 
PROJECTION DISPLAY SYSTEM INCORPORATING SAME 

BACKGROUND OF THE INVENTION 

This invention relates to light engines for color projection display systems, and 
more particularly relates to a scrolling color light engine for use in a single panel color 
projection display system. 

A single panel scrolling color projection display system is characterized by a 
single light modulator panel such as a liquid crystal display (LCD) panel having a raster 
of individual picture elements or pixels, which panel is illuminated by horizontally 
elongated red, green and blue illumination bars or stripes. The stripes are continuously 
scrolled vertically across the panel while the rows of pixels are synchronously addressed 
with display information corresponding to the color of the then incident stripe. The 
modulated scrolling red, green and blue stripes are then projected onto a display screen to 
produce a visually integrated full color display. See, for example, United States Patent 
5,410,370, "Single panel color projection video display improved scanning" issued to P. 
Janssen on March 25, 1994, and United States Patent 5,416,514, "Single panel color 
projection video display having control circuitry for synchronizing the color illumination 
system with reading/writing of the light valve" issued to P. Janssen et al. on May 16, 
1995. 

Such single panel systems are to be distinguished from the more conventional 
three-panel systems, in which separate red, green and blue beams each fully illuminate 
and are modulated by a separate panel. The modulated beams are then superimposed on a 
display screen to produce a full color display. See, for example, United States Patent 
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5,917,561, "Liquid-crystal image projecting apparatus having a color purity correction 
filter" issued to Hatanaka on June 29, 1999. 

Light engines for both single-panel and three-panel color projection display 
systems commonly utilize high intensity arc lamps to provide the level of intensity 
needed for a bright display, as well as dichroic filters to split the lamp light into red, 
green and blue components for modulation, and then to recombine the components for 
display. 

A problem with both systems is a color varation across the image caused by the 
angle sensitivity of the cut-off wavelengths of the dichroic filters. That is, the wavelength 
at which light is reflected from the surface of the dichroic filter changes with the incident 
angle of the reflected light. This problem is accentuated in systems employing certain 
high efficiency arc lamps having emission peaks in their spectral output, such as ultra- 
high-pressure (UHP) lamps having a strong orange component, and xenon lamps having 
significant energy in both the orange and blue spectral regions. 

This problem is addressed for a three-panel system in United States Patent 
5,917,561 by inserting a correction filter into the optical path at an angle of 10 degrees, 
which is said to compensate for the angle shift on the dichroic filters by generating a 
reverse effect of angle shift (column 5, lines 33 et seq.). However, in a single-panel 
system, the angle shift is exacerbated by the so-called "beamsteering effect", illustrated 
schematically in Figs. 1 A through 1C. 

In these figures, a single color beam is illustrated scrolling across the panel, 
although in practice, each color beam red, green and blue is scrolled through a separate 
optical path. The ray bundle 12 that forms a stripe-shaped beam 10 is refracted by a glass 
prism 16, rotating about an axis normal to the plane of the drawing, and thence directed 
by field lenses 18, 20 and 22 through recombining dichroic filters C and D and polarizing 
prism 24 to panel 26. 
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The rotating prisms cause the stripes to scroll across panel 26 from top to bottom, 
causing a beamsteering effect in which the incident angles of the stripes on filters C and 
D to vary over a range of values, the extremes of which are larger than would be 
encountered in a three-panel system, in which the beam positions are fixed. For example, 
in the illumination path shown in Fig. 2A, the beamsteering effect results in incident 
angle variations at filters C and D of +/- 8.1 and +/- 5.3 degrees, respectively. For a 
typical angle sensitivity of- 1.4 nm/degree, such variations translate in cut-off 
wavelength variations of up to 23 nm, which can have a significant effect upon the 
transmitted spectrum. 

One solution to this beamsteering problem is provided in United States Patent 
5,999,321, "Dichroic filters with low nm per degree sensitivity", issued to Bradley on 
December 7, 1999. However, the thin film dielectric stack prescribed for these filters 
include layers as thin as ~ 1/16* of a wave and must be fabricated with a high degree of 
accuracy. 

Accordingly, it is an object of the invention to provide a solution to the 
beamsteering problem which does not require the use of dichroic filters having a low 
angle sensitivity. 

SUMMARY OF THE INVENTION 

In accordance with one aspect of the invention, a light engine for a scrolling color 
projection system includes at least one source filter to reject unwanted components from 
the spectral output of the light source prior to encountering any beamsteering effects, and 
beamsplitting filters having filter characteristics chosen to mask the beamsteering effect 
on the recombining dichroic filters. 



In general, the cut-off wavelengths of the splitting filters are chosen to cut off the 
lower edge of the red spectrum and the upper edge of the blue spectrum beyond the 
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corresponding filter edges of the recombining filters, so that the transmitted red and blue 
spectral components are relatively unaffected by the varying filter edges of the 
recombining filters. This results a relatively broad green spectrum, since the green 
spectrum is defined by the remaining wavelengths between red and blue. The upper and 
lower wavelength edges of the green spectral component can then be clamped by using 
one or more additional "source" filters to reject light from the illumination between the 
red and blue wavelength regions. 

In its broadest aspects, the light engine comprises: 
a light source for providing an output beam; 

first and second splitting filters for splitting the output beam into red, green and 
blue components; 

field lenses to form the red, green and blue components into beams; 

first, second and third rotating prisms for scrolling the red, green and blue beams; 

first and second recombining filters for recombining the red, green and blue 
beams; and 

at least one filter for eliminating undesired spectral components from the output 
beam prior to scrolling; 

the splitting filters having filter edges chosen to mask beamsteering effects on the 
recombining filters. 

In one embodiment, 

the first splitting filter reflects red light and transmits green and blue light 
from the source; 

the second splitting filter reflects green light and transmits blue light; 
the first recombining filter reflects green light and transmits red light; 
the second recombining filter reflects red and green light and transmits 

blue light. 



In the above embodiment, if a UHP lamp having a significant orange component 
is chosen as the light source, the preferred characteristics of the filters are as follows: 
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the source filter has a cut-off is about 568 nm; 

the first splitting filter has a cut-off range from about 593 to 604 nm; and 
the second splitting filter has a cut-off of about 501 nm; 
the first recombining filter has a cut-on of from about 574 to 579 nm; and 
the second recombining filter has a cut-off of about 518 nm. 

In the above embodiment, filter O is preferable placed in the green/blue light path, 
between filters A and B, allowing removal of the orange peak using a simple low pass 
filter. Alternatively, filter O could also be positioned in the red section of the light path, 
assuming that filter A is designed to redirect both the red and orange spectral regions. 
Dichroic notch filters could also be included in the light path to block the orange peak 
although notch filters generally have a higher insertion loss than standard low-pass or 
high-pass filters. 

Such a light engine for a single-panel scrolling-color projection system including 
a source filter for filtering out unwanted components from the output spectrum of the 
source lamp prior to scrolling, and beam splitting filters having filtering characteristics 
chosen to mask the beamsteering effects caused by the angle sensitivity of the 
recombination filters, produces color stripes which maintain stable colors during 
scrolling, without the use of splitting and recombining filters with low angle sensitivities. 

In accordance with another aspect of the invention, a scrolling color projection 
system incorporates a light modulator panel; a light engine as provided in claim 1 for 
illuminating the panel; drive means for driving the light modulator panel in accordance 
with a display signal; and a projection lens for projecting the modulated illumination onto 
a display surface. Such a display system incorporating the light engine of the invention 
has improved color uniformity across the panel. 

BRIEF DESCRIPTION OF THE DRAWING 
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Figs. 1A, IB and 1C are diagrammatic views of the paths of the light beams of 
one color stripe of a scrolling color light engine, showing center, top and bottom 
illumination , respectively, of a the light modulator panel; 

Figs. 2 A and 2B are schematic layouts of scrolling color light engines of the prior 
art and of the invention, respectively, for a single panel color projection system; 

Fig. 3 is a graph of transmission spectra showing the blue dichroic spectra in the 
layout of Fig 2B; 

Fig. 4 a graph of transmission spectra showing the red dichroic spectra in the 
layout of Fig 2B; 

Fig. 5 a graph of transmission spectra showing the green dichroic spectra in the 
layout of Fig 2B; 

Fig. 6 is a graph showing the color coordinates of the illumination of the light 
engine of the invention and the ITU 709 color gamut; 

Fig. 7 is a graph of transmission spectra showing the primary color output spectra 
of the light engine of the invention relative to that of the light source; and 

Fig. 8 is a schematic layout of a single panel color projection display system 
incorporating a scrolling color light engine of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring now to Figs. 2A and 2B, optical paths are shown schematically for 
scrolling color light engines of the prior art and for one embodiment of the invention, 
respectively. In both arrangements, the output beam 20 from the LAMP L, an ultra- 
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high-pressure (HHP) arc lamp having a significant orange component, passes through 
condenser lens 22 and encounters beam splitting dichroic filters A and B, which split the 
beam 20 into red, green and blue components. Field lenses 24 and 26 form these 
components into beams, which are scrolled by the rotation of prisms R, G and B. The 
scrolling beams are further defined by field lenses 28 through 36, and recombined by 
recombining dichroic filters C and D. 

In both of the above arrangements, the requirement for compact optics has forced 
the placement of filters C and D in non-telecentric pupil locations, resulting in the 
beamsteering effect already described. In accordance with the invention, this effect is 
significantly reduced by placing filter O in the beam path prior to scrolling in order to 
remove unwanted components from the spectral output of the LAMP, and by selecting 
the cut-off wavelengths of the splitting filters A and B to mask the beamsteering effect on 
the recombining dichroic filters C and D, allowing the use of dichroic filters with higher 
angle sensitivities than the special filters of United States Patent 5,999,321. 

In the original path of Fig. 2 A, filter A reflects blue and transmits red and green, 
while filter B reflects green and transmits red, while in the modified path shown in Fig. 
2B, filter A reflects red and transmits green and blue, while filter B reflects green and 
transmits blue. While the principles of the invention can be applied in either of these 
arrangements, switching of the blue and red paths, as shown in Fig. 2B, allows removal 
of the orange peak using a simple low pass filter in the blue/green path. 

The basic functions of the dichroic filters for the modified path of Fig. 2B are 
listed below in Table 1, together with experimentally measured angle sensitivities and 
cut-off wavelengths. The first filter^ can be chosen to either reflect red wavelengths of 
light or, if the position of the lamp is adjusted, to transmit red wavelengths. Red 
transmissive filters are generally less sensitive to angle variations than red reflective 
filters. Use of the filters of Table I in the arrangement of Fig. 2B results in uniform 
primary colors across the panel, as indicated by a color stability AC < 0.015, where AC 
represents the root-mean-square deviation of color in the 1960 CIE color space (u v). 
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Table 1. Description of filter functions for the modified path. (AC < 0.015) 



Filter 


Type 


Function 


Typical angle 
sensitivity of 
filter edge 
nm/deg 


Cut-off 
wavelength 
(nm) 


Filter 
EdgeAA, 

(nm) 


A 


Short or 

LONG 

pass 


Separates red by reflection or 
(TRANSMISSION) from blue and 
green 


-2.5 or (-1.4) 


593 


18 


B 


Short pass 


Separates green by reflection from blue 


-1.4 


501 


20 


C 


Long pass 


Combines red by transmission with 
green by reflection 


-1.4 


574 


20 


D 


Short pass 


Combines blue by transmission with 
reflected red and green 


-1.1 


518 


20 


0 


Short pass 
(0 degrees 
angle of 
incidence) 


Reflects orange peak back towards the 
lamp. Transmits blue and green 


-0.3 


568 


20 



The color coordinates of illumination at the top, center and bottom of the panel 
resulting from the use of the above filters are shown relative to the standard ITU 709 
color gamut in the 1960 CIE color space (u v) in Fig. 6. As can be seen, the filters of the 
invention result is a larger color gamut which comfortably encompasses the ITU 
standard. 

An even more stringent color stability (AC < 0.01) is achieved using the filters of 
Table 2. 



Table 2. Filters for the modified path (AC < 0.01) 



FILTER 




^so% (nm) 


FILTER EDGE AX 
(nm) 


ANGLE 
SENSITIVITY 
(nm/deg) 


A 


CUT-OFF 


604 


18 


-2.5 


B 


CUT-OFF 


501 


20 


-1.4 


C 


CUT-ON 


579 


20 


-1.4 


D 


CUT-OFF 


518 


20 


-1.1 


O 


CUT-OFF 


568 


20 


-0.3 
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The above filter characteristics were chosen with the aid of a model which was 
implemented using MathCad software. The model multiplies various transmission and 
reflection dichroic filter spectra as a function of the stripe position on the panel and takes 
into account the F/# of the optical beam at each dichroic filter. The model also requires 
the angle sensitivity; filter cut-off wavelength; width of the filter edge, and AOI at each 
dichroic filter as a function of stripe position on the panel. The model also assumes a 
constant intensity distribution across the illuminating pupil, and 100% transmission or 
reflection away from the filter edge. The model predicts the transmitted spectral 
characteristics of the primary colored stripes as a function of panel position. 

The effects upon dichroic transmission spectra for each of the primary colors red, 
green and blue, as a function of panel position (top: position 1; bottom: position 2) is 
illustrated by the theoretical curves shown in Figs. 3, 4 and 5. The filter specifications 
shown in Table 1 are used to create these plots. 

Fig. 3 shows the blue transmission spectra for: filter B; filter D for positions 1 and 
2; and combined filters B and D for positions 1 and 2. The curves for D, 1 and D, 2 
denote the shifting D cutoff filter edge for the top and bottom of the panel respectively. 
The shift in the effective spectrum for filter D produces minimal impact on the overall 
transmission spectra for the blue since the cut-off wavelength of filter B is less than the 
minimum cut-off wavelength of filter D. Hence a stable blue primary spectrum can be 
achieved. 

Fig. 4 shows the red transmission spectra for: filter A; filter C for positions 1 and 
2; and combined filters A and C for positions 1 and 2. The curves for C, 1 and C, 2 
denote the shifting C filter edge for the top and bottom of the panel respectively. The 
shift in the effective spectral edge for filter C produces minimal impact on the overall 
transmission spectrum for the red since the cut-off wavelength of filter A is greater than 
the maximum cut-off wavelength of filter C. Hence a stable red primary spectrum can be 
achieved. 
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Fig. 5 shows the green transmission spectra for: filter C for positions 1 and 2; 
filter D for positions 1 and 2; combined filters C and D for positions 1 and 2; and filter O. 
The blue and red primaries have been effectively fixed by ensuring that there is at least 
one other fixed filter edge that determines the band edge of that primary color. However 
the shifting filter edges of combined filters C and D can cause unacceptable color shifts 
for both the lower and upper part of the effective green wavelength passband. 

Inspection of the illuminating 120 Watt UHP lamp power spectrum, shows that the 
spectral peak around 550 nm dominates the green primary. The shifting passband on the 
lower wavelength edge produces little change in the projected color since there is 
relatively little optical energy in this region compared to the 550nm peak. However, 
significant energy is present from an orange peak at around 580nm at the upper 
wavelength edge of the passband. The effective shift in the upper wavelength filter edge 
of combined filters C and D produces significant color changes on this side of the green 
passband. However, low-pass filter O masks this shift in the upper wavelength filter edge 
without significantly clipping the remaining green spectral peak. 

Alternatively, filter O could also be positioned in the red section of the light path, 
assuming that filter A is designed to redirect both the red and orange spectral regions. 
Dichroic notch filters could also be included in the light path to block the orange peak 
although notch filters generally have a higher insertion loss than standard low-pass or 
high-pass filters. 

Fig. 7 illustrates the output spectra of the red, blue and green primary colors 
illuminating the panel in positions 1 and 2, relative to the output spectrum of the UHP 
lamp. It can be seen that the beamsteering effect has been minimized, leading to a 
relatively stable output of the primary colors. Output components of the UHP lamp 
between the red and green peaks, as well as between the blue and green peaks, have been 
largely reduced and at around 580 -590 nm, substantially eliminated. 
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Fig. 8 illustrates in block diagram form a projection display system of the single- 
panel scrolling-color type, in which LCD Panel 80 is illuminated with scrolling stripes of 
the primary colors red, green and blue, the scrolling stripes generated by Light Engine 82 
in accordance with the teachings of the invention. LCD Panel 80 modulates the 
illumination from the stripes in accordance with a display signal from Display Driver 84. 
The modulated light from the Panel is transmitted to a display surface by Projection Lens 
86. 

The invention has necessarily been described in terms of a limited number of 
embodiments. From this description, other embodiments and variations of embodiments 
will become apparent to those skilled in the art, and are intended to be fully encompassed 
within the scope of the invention and the appended claims. For example, high intensity 
sources other than the UHP lamp could be employed, such as a xenon lamp, which in 
addition to an orange component has a strong blue component to be filtered out by an 
appropriate source filter. 
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